Although biofilms are clinically and microbiologically important, complete detachment of biofilms from a solid surface and/or biomaterials is very difficult. This is because biofilms are highly stable both chemically and physically. Until now, many countermeasures against biofilms have been considered and tried. [2] [3] [4] [5] Extremely stringent conditions (e.g., heating at 120°C for 20 min) may achieve total disinfection of clinical materials, but some medical devices such as endoscopes are very fragile and can not be subjected to such treatment. Therefore, it is desirable that biofilms are easily detached under much gentler and milder conditions. Oxidants (e.g., ozone and hypochlorite) are sometimes tried to detach biofilms. However, they seemed to be ineffective to eliminate biofilms, while they have strong bactericidal activities, 6, 7) indicating that another (much effective) countermeasure should be sought.
On the other hand, tungsten compounds are known to have good catalytic activity, especially in oxidative reactions. 8, 9) Therefore, it is expected that such a compound might be useful as a biofilm-detaching agent for fragile medical devices. In this study, we attempted to detach a bacterial biofilm formed by Staphylococcus epidermidis using hydrogen peroxide (H 2 O 2 ) and tungsten compounds.
MATERIALS AND METHODS

Materials and Bacterial Strain
Culture media such as tryptic soy broth (TSB) were from Becton Dickinson (Sparks, MD, U.S.A.). TSB supplemented with 0.25% glucose (TSBϩG) was used throughout the experiments. Tungsten compounds, anhydrous dimethylsulfoxide (DMSO) and dimethylformamide (DMF), 30% (ca. 9.8 M) H 2 O 2 solution, and all other ordinary chemicals (unless otherwise specified) were of reagent grade and purchased from Wako Pure Chemicals (Osaka, Japan). Highly purified esterase (ca. 180 U/mg) was obtained from Sigma (St. Louis, MO, U.S.A.). A biofilm-forming type strain of S. epidermidis (ATCC35984, RP62A) was obtained from the American Type Culture Collection (Atlanta, GA, U.S.A.).
Fluorescent Probes and Positive Controls for Assay of Reactive Oxygen Species
Fluorescent probes specific to reactive oxygen species (ROS) were used for the experiments: Hydroxyl radical ( · OH)-specific probes (aminophenyl fluorescein (APF) and hydroxyphenyl fluorescein (HPF)) were purchased from Daiichi Pure Chemicals (Tokyo, Japan). 10) A mixture of Fe(ClO 4 ) 2 and H 2 O 2 was used to generate · OH.
10,11) A 1 O 2 -specific probe (Singlet Oxygen Sensor Green Reagent (SOSGR)) was obtained from Invitrogen (Eugene, OR, U.S.A.).
12) 1
O 2 was generated by thermal decomposition of an endoperoxide (NDPO 2 ) of 3,3Ј-(1,4-naphthylidine) dipropionate (NDP), 13) which is a product of Merck-Calbiochem (Darmstadt, Germany). According to the manufacturer's technical inserts, NDP was activated to NDPO 2 by using Na 2 MoO 4 and H 2 O 2 at pH 10. 14) A superoxide anion (O 2 Ϫ )-specific probe (4,5-dimethoxy-2-nitrobenzenesulfonyl tetrafluorofluorescein (BES-So)) was purchased from Wako Pure Chemicals. 15) Since it was supplied as an acetoxymethyl ester of BES-So (inactive) to improve cell permeability, this part was removed by esterase (1 U/ml) before use. KO 2 was dissolved in a mixture of anhydrous DMSO and DMF (2 : 1) containing 8% 18-crown-6-ether, and this was used as a positive control for O 2 Ϫ . 16 ) APF/HPF, SOSGR, and BES-So were dissolved in DMF/DMF, methanol, and DMSO, respectively (stock solutionϭ5 mM). 
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Fluorescence Assay for ROS Fluorescent probes were dissolved in a phosphate buffer (50 mM, pH 7) unless otherwise specified (Table 1) and their final concentration was set at 5 mM. For endpoint assay, these probes were incubated in a black microtiter plate (96 wells) with various reagents for 10 min at 37°C unless otherwise specified. Fluorescence intensity (measurementϭ1 s) of the reaction mixture was measured by an autoreader (ARVO MX 1420; PerkinElmer, Waltham, MA, U.S.A.). The time course of the reaction (5 min) was recorded by a fluorescence spectrophotometer (F-4500; Hitachi, Tokyo, Japan). The reaction mixture was incubated in a quartz cell (1 cmϫ1 cm) with gentle stirring (excitation/emissionϭ490/515 nm for APF and HPF, 504/ 525 nm for SOSGR, 505/544 nm for BES-So). 10, 12, 15) ) has been described in detail elsewhere. 19) (2) Lacunary-Substituted P/SiW 11 : Structurally, monovacant Keggin (undeca)heteropolytungstates such as P/SiW 11 have a "pit" in their molecules (known as a "lacunary hole"), which allows them to retain another molecule (especially a metal ion (X nϩ )) in the lacunary hole, like porphyllins can, forming a new compound known as a "lacunary-substituted" heteropolytungstate ([P/SiW 11 O 39 X] (7/8Ϫn)Ϫ , P/SiW 11 X). 8, 20) Usually, in order to prepare such compounds, a hot and condensed (almost saturated) solution of P/SiW 11 20, 27) the amount of free (unbound) X nϩ and P/SiW 11 can be considered practically negligible when their equivalent solutions are mixed. Therefore, a major proportion of the resulting mixture [P/SiW 11 ϩX nϩ ] can be considered to be P/SiW 11 X. In this study, solutions containing P/SiW 11 X were prepared by this type of conventional method, which would be very convenient for practical use.
Preparation of Various Tungsten Compounds
For instance, 1 M FeSO 4 was simply mixed with 20 mM P/SiW 11 at a ratio of 1 : 50 just before use. 23, 24) ] are highly oxygen-sensitive, they were prepared just before use.
Biofilm Formation Although many bacterial species can form biofilms, a strain of S. epidermidis is known to produce a thick and mechanically tough biofilm, which seems to be suitable for experiments.
3) This was the main reason for using this strain.
A biofilm-forming strain of S. epidermidis (ATCC35984, RP62A) was cultured in TSBϩG overnight. The culture was diluted 1 : 200 with fresh TSBϩG, and 200 ml of this bacterial suspension was used to inoculate sterile (96 well) polystyrene microtiter plates (Becton Dickinson Labware, 1784 Vol. 32, No. 10 a) The results are expressed as a value relative to the control, and the reagent blank (i.e., fluorescence of probe alone) was subtracted. Data shown here are means of octuplicate measurements (nϭ8). b) APF/HPF, SOSGR, and BES-So were dissolved in DMF/DMF, methanol, and DMSO, respectively. c) 5mM for APF and 50 mM for the others. d) Dissolved in a mixture of anhydrous DMSO and DMF (2 : 1) containing 8% 18-crown-6-ether just before use (ca. 100 mM KO 2 ). 16) e) Incubated for 30 min at 37°C due to slow reaction, and other reagents were all incubated for 10 min. In addition, the amount of NDPO 2 added to the reaction mixture was corrected by its purity (ca. 90%, determined photometrically), 14) but 1 O 2 yield was reported to be only ca. 50%. 16) f) Unbuffered during the reaction to avoid the formation of PW 11 . 43, 44) After the reaction, 2.5 M phosphate buffer was added to the reaction mixture at a ratio of 1 : 50 to make the final concentration 50 mM (other preparation was buffered with 50 mM phosphate beforehand). g) Fluorescence intensity was gradually increased in the absence of H 2 O 2 (autoxidation rates were [PW 11 ϩFe Franklin Lakes, NJ, U.S.A.). After incubation for 24 h at 37°C, the wells were gently washed by simple decantation with tap water three times (see GW below). The plates were then air-dried and used for further experiments. 29) For electron microscopy studies, biofilms were similarly formed on the surface of a small piece of glass (ca. 9 mm in diameter).
Detachment of Biofilms A small portion (100 ml) of the desired reagent solution (such as Fe 2ϩ ) and 100 ml of H 2 O 2 solution (unbuffered or phosphate-buffered) were mixed in this order in a well of the microtiter plate, where bacterial biofilms had already been made as described above. Then, the mixture was incubated for 1 h at 37°C. Finally, the plates were washed by either of the following two methods:
(1) Gentle Washing (GW): After all the incubation mixture had been discarded, the plate was immersed in tap water to fill all the wells. Then, the water in the wells was drained off by simple decantation. This procedure was further repeated three times, and the plate was air-dried.
(2) Hard Washing (HW): An 8-channel nozzle was taken from an automated microtiter plate washing machine. In order to make a water jet flow from the nozzle, a water tube was connected between the nozzle and a water pipe with a flow regulator. Then, all the wells of the plate were washed four times using this water jet at a flow rate of 2 l/min for the 8 channels combined (which had given the best result in a preliminary experiment). For one washing, the nozzle was moved from one end of the plate to the other in about 2 s (i.e., covering 12 rows, each containing 8 wells), and then returned to its initial position (i.e., thus performing a second washing). After this washing procedure had been repeated once, the plate was finally air-dried.
Quantification of Biofilms Biofilms present at the bottom of a well were stained with safranin. 29) All the wells of the microtiter plate were initially filled with 50 ml of 0.1% safranin O solution, and the plate was kept for 10 min at room temperature. Then, the plate was washed using the GW procedure (described above) and air-dried. Photoabsorbance of every well was measured at 490 nm by an autoreader (Model 680; Bio-Rad Laboratories, Hercules, CA, U.S.A.), and the results were expressed relative to the control photoabsorbance (i.e., reagent blankϭ100%).
Scanning Electron Microscopy (SEM) Biofilms were formed on the surface of a small piece of glass as described above. Then, the glass was fixed on a metal block (sample holder for SEM) and treated with any one of the following procedures. Next, the glass samples (placed in a plastic test tube filled with water) were briefly sonicated for 5 s (UCD-200; Cosmo Bio, Tokyo, Japan: powerϭ130 W at 20 kHz, duty cycleϭ100%) in order to remove debris and dusts from the surface (otherwise, false positive results may occur). After the samples were extensively washed with water and air-dried, they were treated with phosphate-buffered 4% glutaraldehyde and ethanol solutions, followed by acetone treatment for fixation and dehydration. 30) Finally, the samples were further dried in a vacuum chamber, and the glass surface was coated with Pt and Pd in an ion sputterer (E-1010; Hitachi). The sample was finally observed by SEM (S-4100; Hitachi).
(1) Brushing: The surface of the glass piece was extensively washed for 5 min with a brush and detergent.
(2) Sonication: The sample was placed in a plastic test tube filled with water. Then, the test tube was soaked in the tank of a sonicator (UCD-200) and sonicated for 10 min at room temperature (powerϭ160 W, duty cycleϭ50% ] and H 2 O 2 solutions were added in this order to make a final concentration of 1 mMϩ1 mM and 500 mM, respectively.
Oxidation-Reduction Potential (ORP) ORP was measured by an ORP-electrode (Horiba, Kyoto, Japan) at 25°C. The test samples were dissolved in 20 mM phosphate buffer (pH 7) at 1 mM. Although an Ag/AgCl-KCl (3.33 M) electrode was used as a reference, the results were normalized to values where the standard hydrogen electrode (SHE) was used as a reference. ] were much weak: i.e., they were almost inactive to produce ROS.
RESULTS
Fluorescence Assay for ROS
Detachment of Biofilms Various reagents were applied for detachment of biofilms, and the results are summarized in Table 2 . Although sonication seemed to be highly effective to peel off biofilms, H 2 O 2 alone and disinfectants such as peracetic acid and o-phthalaldehyde could not detach biofilms.
Contrary to expectation, · OH produced by the Fenton reaction could not totally detach biofilms (Table 2 ). In addition, it was found that Fe(OH) 3 ] had a strong biofilm-detaching activity: i.e., after washing strongly (HW), the bottom of the microtiter plate was clear (the biofilms were fragmented and disintegrated chemically without deposition of Fe(OH) 3 and/or Fe 2 O 3 ). This reaction seemed to be very strong, since almost nothing remained even when the biofilm was thickened by being formed twice ( Table 2 ). Figure 1 shows that the effective concentrations for biofilm-detaching seemed to be around м0. 5 (Fig. 1) . Since the color of the solution gradually turned dark brown (PW 11 Fe(II)) to green-yellow (PW 11 Fe(III)), this was probably due to autoxidation of PW 11 Fe(II), 23, 24) , and the pH values of the reaction mixture (1 mM reagentsϩ500 mM H 2 O 2 , unbuffered) were around 3.3-3.5, 3.3-3.5, and 7.5-7.8, respectively.
It was found that the pH of the reaction mixture was rapidly decreased from around 6.0 to 2.5-3.5 when 500 mM H 2 O 2 was mixed with 1 mM PW 11 . Since the metachromatic reaction of toluidine blue (i.e., a polyanion-sensitive color change) 31) was not marked in this mixture (data not shown), PW 11 was probably decomposed as discussed later. When the mixture was buffered with phosphate (20 mM, pH 7), such a rapid pH decrease did not occur (pH remained at around 6.5-7.0) and the metachromatic reaction was not diminished. However, the biofilm-detaching activity of PW 11 was not improved when the reaction mixture was buffered (Table  2) .
Contrary to PW 11 , the pH of SiW 11 solution did not decrease rapidly, and remained at around 6.0-6.5 for a while (1 mM SiW 11 ϩ500 mM H 2 O 2 , unbuffered), before slowly decreasing to pH 5.0-5.5 a few hours later. In addition, the metachromatic reaction was still present after addition of H 2 O 2 , suggesting that the polyanionic molecular form of SiW 11 was almost intact.
When 500 mM H 2 O 2 was mixed with 1 mM [PW 11 ϩFe 2ϩ ], the pH decrease of the reaction mixture was partially suppressed (i.e., pH decreased from around 6.0 to 4.5-5.0), and an obvious metachromatic reaction still occurred. When the mixture was buffered with phosphate (20 mM, pH 7), the pH did not decrease (remaining at around 6.5-7.0) and the strong biofilm-detaching activity was retained ( ]) were made, and mixed at a ratio of 1 : 1 in the wells of the microtiter plate in a checker board (matrix cross-combination) manner. Final concentrations of H 2 O 2 and the reagent tested were therefore 8-512 mM and 2-2048 mM, respectively. After incubating for 1 h at 37°C, the plate was washed extensively (by the hard washing (HW) protocol) and the amount of residual biofilm was determined. The results were expressed as a value relative to the control (i.e., reagent blankϭ100%). Data shown here are means of independent quadruplicate measurements (nϭ4 Scanning Electron Microscopy (SEM) Attempts were made to remove biofilms formed on a glass surface by several methods, and the results are shown in Fig. 2 . When the biofilms were treated by simple brushing, SEM showed that a considerable amount still remained on the glass surface, although they were no longer visible to the naked eye. Sonication is known to be a powerful and effective way of cleaning a solid surface. However, trace amounts of biofilms with bacterial cells were detected by close observation (with positive results in a culture test and bacterial alkaline phosphatase (ALP)), even though sonication seemed to detach biofilms almost completely (Table 2 ). This means that sonication alone may fail to detach biofilms.
After treating biofilms with [P/SiW 11 ϩFe 2ϩ ] and H 2 O 2 , the glass surface was totally clear. In addition, this treatment was bactericidal, since no countable bacterial colonies were cultured after the biofilms had been treated [P/SiW 11 ϩFe 2ϩ ] and H 2 O 2 (data not shown). Since the viable cell density in biofilms is known to be around 10 9 -10 10 cells/cm 2 , 32) the bacterial reduction rate can be considered to be around ca. 10 Ϫ9 or more. Furthermore, activity of bacterial ALP was undetectable (data not shown) by an extremely sensitive measurement system using the chemiluminescence technique (known as "Attoglow" with a detection limit of ca. 30 ALP molecules; Michigan Diagnostic, Troy, MI, U.S.A.).
DISCUSSION
Fenton Reaction and Disinfectants
It is well known that · OH is a highly reactive material and very strong oxidant, which is easily produced by the Fenton reaction (Eq. 1). (2) and Fe 2ϩ thus formed will react with residual H 2 O 2 to generate · OH via Eq. 1. However, Fe 2ϩ /Fe 3ϩ could not detach biofilm effectively (Table 2) .
On the other hand, many oxidants are commercially available as disinfectants, and some of them are claimed to be totally effective. However, hypochlorite and peracetic acid showed only weak biofilm-detaching activities (Table 2 ). In addition, o-phthalaldehyde is widely used as a strong disinfectant, but its biofilm-detaching activity was also weak ( Table 2) . From these results, it was concluded that even if disinfectants kill bacterial cells and/or inactivate pathogens, biofilms may still remain. Another countermeasure should therefore be sought.
Tungsten Compounds (1) WO 4
2Ϫ
, P/SiW 11 , P/SiW 11 Mn: Tungsten compounds are known to have good catalytic activities, and this feature has been widely and actively applied to organic syntheses. :
This reaction seems to be highly attractive for disinfection of medical devices, since an unlimited amount of 1 O 2 is produced as long as H 2 O 2 is supplied. However, WO 4 2Ϫ had almost no biofilm-detaching activity (Table 2) ] gave a weak response on APF/ HPF ( Table 1) , suggesting that only a small amount of · OH was generated. Although the reason of the discrepancy is unknown, this may be explained by the "Cu-catalyzed Fenton reaction".
11) It is possible that Cu 2ϩ was reduced to Cu ϩ by a certain reductant present in biofilm and/or bacterial cell just like the bichinchonic acid reaction for protein measurement, 39) and Cu ϩ thus formed will react with H 2 O 2 similar to Fe 2ϩ . Therefore, much more ROS might be generated in bacterial biofilms than measured.
The pH Change of Tungsten-Mediated Reaction It was found that the pH of the reaction mixture was rapidly decreased when H 2 O 2 was mixed with PW 11 ϩother degradation products including phosphate. 40) According to this equation, complete decomposition of 1 mM PW 11 will produce ca. 20 mM H ϩ (pH 1.7), and the extent of PW 11 decomposition can be estimated from the decrease in pH.
When the mixture was buffered with phosphate, such a rapid pH decrease did not occur, and the decomposition of PW 11 may have been suppressed. This is probably because an excess amount of phosphate prevented promotion of the above reaction by the law of mass action.
When (II) ) and 500 mM H 2 O 2 (incubated for 1 h at 37°C) effectively detached biofilms formed on a solid surface. When adequately buffered, the reaction proceeded at around neutral pH and relatively low temperature (37°C), and the toxicity of tungsten compounds was much lower than that of other heavy metal compounds. 41, 42) Therefore, this combination may be useful for disinfection of reusable and expensive medical devices such as endoscopes, and it will compensate well other countermeasures such as sonication. In addition, a mixture of SiW 11 and Fe 2ϩ (or Cu 2ϩ ) also gave good results. This combination has a merit in that it can be used under unbuffered conditions, although Si compounds may be slightly expensive and catalytically less effective.
